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In this work we study the diffractive photoproduction of J/Ψ in proton-proton, proton - nucleus
and nucleus - nucleus collisions at LHC energies using the color dipole formalism and different
models for the forward dipole - target scattering amplitude. Our goal is to estimate the theoretical
uncertainty present in the current predictions in the literature. Our results are compared with the
experimental data and predictions for higher energies are presented.
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I. INTRODUCTION
Since the pioneering studies [1–3] on diffractive vector meson production in ultra peripheral heavy ion collisions
(UPHIC) about fourteen years ago, a large number of papers on the subject has been published considering several
improvements in the theoretical description [4–16] and experimental analysis [17–22]. Recent experimental results
from CDF [17] at Tevatron, STAR [18] and PHENIX [19] at RHIC and ALICE [20, 21] and LHCb [22, 23] at LHC have
demonstrated that the study of photon-hadron interactions in these colliders is feasible and that the data can be used
to constrain the description of the hadronic structure at high energies (For reviews see Ref. [24]). In particular, the
recent theoretical studies performed in Refs. [14, 15] have demonstrated that the description of the ALICE and LHCb
data using the collinear factorization formalism is strongly dependent on the choice of the parameterization of the gluon
distribution and on the magnitude of the nuclear shadowing effects (For a similar analysis using the kT -factorization
approach see Ref. [16]). On the other hand, as originally proposed in Ref. [5], the diffractive photoproduction of
vector mesons in hadronic collisions can also be studied in the color dipole formalism [25] and used to constrain the
magnitude of the nonlinear effects which are predicted to be present at high parton densities by the QCD dynamics
at high energies. In this formalism the predictions for the vector meson production in hadronic collisions are strongly
dependent on the model used to calculate the forward dipole - target scattering amplitude N . As the current color
dipole predictions for the diffractive photoproduction of J/Ψ in hadronic collisions [6, 9, 11–13] consider distinct
models for this quantity, photon spectrum, skewness corrections and/or for the vector meson wavefunction, a direct
comparison between its predictions is a hard task. Our goal in this paper is to compare the predictions obtained
considering different models for N assuming a unified treatment for the photon spectrum and J/Ψ wavefunction. It
allow us to estimate the theoretical uncertainty present in the current predictions in the literature. After showing
that the different models used in our calculations are able to describe the γp HERA data, we present predictions for
the photonuclear J/Ψ production which could be probed in future electron - ion colliders [26]. Moreover, we compare
our predictions for the diffractive photoproduction of J/Ψ in pp and PbPb collisions with recent LHCb and ALICE
data, respectively. Finally, we present predictions for future LHC energies and pPb collisions.
The paper is organized as follows. In the next section we present a brief review of photon - hadron interactions in
pp and PbPb collisions, as well as of the diffractive photoproduction of J/Ψ in the color dipole formalism. We also
present the models for the dipole - target scattering amplitude used in our calculations. In Section III we present our
predictions for the diffractive photoproduction of J/Ψ in pp/pPb/PbPb collisions and a comparison with the ALICE
and LHCb data is also shown. Finally, in Section IV we summarize our main conclusions.
II. FORMALISM
Initially let us present a brief review of photon - hadron interactions in hadronic collisions. Let us consider a
hadron-hadron interaction at large impact parameter (b > Rh1 +Rh2) and at ultra relativistic energies. In this regime
we expect the electromagnetic interaction to be dominant. In heavy ion colliders, the heavy nuclei give rise to strong
electromagnetic fields due to the coherent action of all protons in the nucleus. In a similar way, this kind of interaction
also occurs in ultra relativistic protons in pp(p¯) colliders. The photon stemming from the electromagnetic field of one
2of the two colliding hadrons can interact directly with the other hadron (photon-hadron process). The total cross
section for a given process can be factorized in terms of the equivalent flux of photons of the hadron projectile and the
photon-target production cross section [24]. The cross section for diffractive J/Ψ photoproduction in a hadron-hadron
collision is given by,
σ(h1h2 → h1 ⊗ J/Ψ⊗ h2) =
∞∫
ωmin
dω
dNγ/h1(ω)
dω
σγh2→J/Ψh2(W
2
γh2)
+
∞∫
ωmin
dω
dNγ/h2(ω)
dω
σγh1→J/Ψh1(W
2
γh1), (1)
where ⊗ represents a rapidity gap in the final state, ω is the photon energy in the collider frame, ωmin =M2J/Ψ/4γLmp,
γL is the Lorentz boost of a single beam,
dNγ
dω is the equivalent photon flux, W
2
γh = 2ω
√
sNN and
√
sNN is the c.m.s
energy of the hadron-hadron system. Considering the requirement that photoproduction is not accompanied by
hadronic interaction (ultra-peripheral collision) an analytic approximation for the equivalent photon flux of a nuclei
can be calculated and given by [24]
dNγ/A (ω)
dω
=
2Z2αem
pi ω
[
η¯ K0 (η¯)K1 (η¯) +
η¯2
2
U(η¯)
]
(2)
where η¯ = ω (Rh1 + Rh2)/γL and U(η¯) = K21 (η¯)−K20 (η¯). Eq. (2) will be used in our calculations of the diffractive
photoproduction of J/Ψ in pPb and PbPb collisions. On the other hand, for proton-proton collisions, we assume that
the photon spectrum of a relativistic proton is given by [27],
dNγ/p(ω)
dω
=
αem
2pi ω
[
1 +
(
1− 2ω√
sNN
)2](
lnΩ− 11
6
+
3
Ω
− 3
2Ω2
+
1
3Ω3
)
, (3)
with the notation Ω = 1 + [ (0.71GeV2)/Q2min ] and Q
2
min = ω
2/[ γ2L (1− 2ω/
√
sNN ) ] ≈ (ω/γL)2.
The main input in our calculations is the diffractive photoproduction cross section σγh→J/Ψh. In what follows
we describe the γh scattering in the dipole frame, in which most of the energy is carried by the hadron, while the
photon has just enough energy to dissociate into a quark-antiquark pair before the scattering. In this representation
the probing projectile fluctuates into a quark-antiquark pair (a dipole) with transverse separation r long before the
interaction, which then scatters off the hadron [25]. Initially, let us consider a photon - proton interaction (h = p).
In the dipole picture the amplitude for the diffractive photoproduction of an exclusive final state, such as a J/Ψ, in
a γp collision is given by (See e.g. Refs. [25, 28–30])
Aγp→J/Ψp(x,∆) = i
∫
dz d2r d2be−i[b−(1−z)r].∆ (Ψ∗J/ΨΨ) 2Np(x, r, b) (4)
where (Ψ∗J/ΨΨ) denotes the overlap of the photon and J/Ψ transverse wave functions. The variable z (1 − z) is the
longitudinal momentum fractions of the quark (antiquark), ∆ denotes the transverse momentum lost by the outgoing
proton (t = −∆2) and x is the Bjorken variable. The variable b is the transverse distance from the center of the target
to the center of mass of the qq¯ dipole and the factor in the exponential arises when one takes into account non-forward
corrections to the wave functions [31]. Moreover, Np(x, r, b) denotes the forward amplitude of the scattering of a
dipole of size r on the proton, which is directly related to the QCD dynamics (see below). The total cross section for
diffractive photoproduction of J/Ψ is given by
σ(γp→ J/Ψp) = 1
16pi
∫
dt |Aγp→J/Ψp(x,∆)|2 R2g(1 + β2) (5)
where β is the ratio of real to imaginary parts of the scattering amplitude, which can be obtained using dispersion
relations ReA/ImA = tan (piλe/2). Moreover, Rg is the skewness factor, which is associated to the fact that the
gluons attached to the qq¯ pair can carry different light-cone fractions x, x′ of the proton. In the limit that x′ ≪ x≪ 1
and at small t and assuming that the gluon density has a power-law form, it is given by [33]
Rg(λe) =
22λe+3√
pi
Γ(λe + 5/2)
Γ(λe + 4)
, with λe ≡ ∂ ln [A(x, ∆)]
∂ ln(1/x)
. (6)
3As demonstrated in Ref. [32] the estimate obtained using this approximation for Rg is strongly dependent on the
parton distribution used in the calculation. Furthermore, the incorporation of the skewness correction at small-x in
the dipole models still is an open question. Consequently, the factor Rg as given in Eq. (6) should be considered a
phenomenological estimate.
If we assume that the nucleus scatters elastically (coherent production) and also that the scattering happens in the
high energy regime (large coherence length: lc ≫ RA) the total photon-nucleus cross section is given by: [34, 35]
σcoh (γA→ J/ΨA) =
∫
d2b
[∫
d2r
∫
dz(Ψ∗J/ΨΨ)NA(x, r, b)
]2
(7)
where NA(x, r, b) is the forward dipole-nucleus scattering amplitude. Finally, the photon wave functions appearing
in Eq. (4) are well known in literature [29]. For the meson wave function, we have considered the Gauss-LC model
[29] which is a simplification of the DGKP wave functions [36]. The motivation for this choice is its simplicity and the
fact that, for the present purposes, the final results are not very sensitive these details. In photoproduction, this leads
only to an uncertainty of a few percent in the overall normalization. The parameters of the meson wave function can
be found in Ref. [29].
The scattering amplitude N (x, r, b) contains all information about the target and the strong interaction physics.
In the Color Glass Condensate (CGC) formalism [37, 38], it encodes all the information about the non-linear and
quantum effects in the hadron wave function. It can be obtained by solving an appropriate evolution equation in
the rapidity Y ≡ ln(1/x), which in its simplest form is the Balitsky-Kovchegov (BK) equation [38, 39]. In recent
years, the running coupling corrections to BK evolution kernel were explicitly calculated [40, 41], including the αsNf
corrections to the kernel to all orders, and its solution studied in detail [42, 43]. Basically, one has that the running
of the coupling reduces the speed of the evolution to values compatible with experimental ep HERA data [44, 45].
In Ref. [44] the translational invariance approximation was assumed, which implies N (x, r, b) = N (x, r)S(b), with
the normalization of the dipole cross section being fitted to data and two distinct initial conditions, inspired in the
Golec Biernat-Wusthoff (GBW) [46] and McLerran-Venugopalan (MV) [47] models, were considered. The predictions
resulted to be almost independent of the initial conditions and, besides, it was observed that it is impossible to
describe the experimental data using only the linear limit of the BK equation, which is equivalent to the Balitsky-
Fadin-Kuraev-Lipatov (BFKL) equation [48]. In what follows we use the solution obtained in Ref. [44] considering
the MV initial condition, denoting the corresponding predictions by rcBK hereafter. It is important to emphasize
that although a complete analytical solution of the BK equation is still lacking, its main properties are known: (a) for
the interaction of a small dipole (|r| ≪ 1/Qs), N (x, r, b) ≈ r2, implying that this system is weakly interacting; (b)
for a large dipole (|r| ≫ 1/Qs), the system is strongly absorbed and therefore N (x, r, b) ≈ 1. The typical momentum
scale, Q2s ∝ x−λ (λ ≈ 0.3), is the so called saturation scale. This property is associated to the large density of
saturated gluons in the hadron wave function. In the last years, several groups have constructed phenomenological
models which satisfy the asymptotic behavior of the BK equation in order to fit the HERA and RHIC data (See e.g.
Refs. [29, 46, 49–54]). For comparison, in what follows we will also use the GBW model [46], which assumes that
Np(x, r, b) = Np(x, r)S(b) with Np(x, r) = 1 − e−r2Q2s,p(Y )/4 and Q2s,p(Y ) = (x0/x)λ, with the parameters x0 and λ
determined by the fit to the HERA data. Moreover, we also consider the b-CGC model proposed in Ref. [29], which
improves the Iancu - Itakura - Munier (IIM) model [50] with the inclusion of the impact parameter dependence in
the dipole - proton scattering amplitude. Following [29] we have:
Np(x, r, b) =

 N0
(
r Qs,p
2
)2(γs+ ln(2/rQs,p)κλY )
rQs,p ≤ 2
1− exp−A ln2 (B rQs,p) rQs,p > 2
(8)
with Y = ln(1/x) and κ = χ′′(γs)/χ
′(γs), where χ is the LO BFKL characteristic function. The coefficients A and
B are determined uniquely from the condition that Np(x, r, b), and its derivative with respect to rQs, are continuous
at rQs = 2. In this model, the proton saturation scale Qs,p depends on the impact parameter:
Qs,p ≡ Qs,p(x, b) =
(x0
x
)λ
2
[
exp
(
− b
2
2BCGC
)] 1
2γs
. (9)
The parameter BCGC was adjusted to give a good description of the t-dependence of exclusive J/ψ photoproduction.
The factors N0 and γs were taken to be free. In this way a very good description of F2 data was obtained. One of
the parameter set which is going to be used here is the one presented in the second line of Table II of [55]: γs = 0.46,
BCGC = 7.5 GeV
−2, N0 = 0.558, x0 = 1.84 × 10−6 and λ = 0.119. More recently, the parameters of this model
have been updated in Ref. [56] (considering the recently released high precision combined HERA data), becoming
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FIG. 1: (Color online) Diffractive photoproduction of J/Ψ in (a) γp and (b) γPb collisions. Data from HERA [58].
γs = 0.6599, BCGC = 5.5 GeV
−2, N0 = 0.3358, x0 = 0.00105× 10−5 and λ = 0.2063. In what follows we will use
these two sets of parameters in our calculations, with the resulting predictions being denoted bCGC and bCGC NEW,
respectively.
In order to estimate the diffractive photoproduction of J/Ψ in PbPb collisions we need to specify the forward dipole
- nucleus scattering amplitude, NA(x, r, b). Following [34] we will use in our calculations the model proposed in Ref.
[57], which describes the current experimental data on the nuclear structure function as well as includes the impact
parameter dependence in the dipole nucleus cross section. In this model the forward dipole-nucleus amplitude is given
by
NA(x, r, b) = 1− exp
[
−1
2
σdp(x, r
2)TA(b)
]
, (10)
where σdp is the dipole-proton cross section given by
σdp(x, r
2) = 2
∫
d2b Np(x, r, b) (11)
and TA(b) is the nuclear profile function, which is obtained from a 3-parameter Fermi distribution for the nuclear
density normalized to A. The above equation sums up all the multiple elastic rescattering diagrams of the qq pair
and is justified for large coherence length, where the transverse separation r of partons in the multiparton Fock state
of the photon becomes a conserved quantity, i.e. the size of the pair r becomes eigenvalue of the scattering matrix.
In what follows we will compute NA considering the different models for the dipole - proton scattering amplitude
discussed before.
III. RESULTS
In Fig. 1 we present our predictions for the diffractive photoproduction of J/Ψ in (a) γp and (b) γPb collisions
considering as input the different models for the dipole - proton scattering amplitude discussed in the previous
section. For the γp case , we find that the distinct models are able to describe the low energy data, but predict
different behaviours at high energies. It is important to emphasize that the parameterization for the solution of the
BK equation proposed in Ref. [44] is only valid for x ≤ 10−2. This restricts its use for Wγp ≥ 30 GeV. Moreover,
we find that the improved version of the bCGC (bCGC NEW) predicts a larger growth for the total cross section in
comparison with the previous one, which becomes its predictions compatible with the HERA data. For γPb collisions,
we find that the rcBK and bCGC predictions are similar at low energies, but differ by a factor 1.8 at larger energies.
On the other hand, the bCGC NEW prediction can be considered a lower bound for the diffractive photoproduction
of J/Ψ at low energies, while the GBW one is an upper bound. As already pointed in Ref. [34], future measurements
in an eA collider [26] could discriminate between these models.
Let us now estimate the rapidity distribution in diffractive photoproduction of J/Ψ in hadronic collisions. The
rapidity (Y ) distribution of the J/Ψ in the final state can be directly computed from Eq. (1), by using its relation
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FIG. 2: (Color online) Rapidity distribution for the diffractive photoproduction of J/Ψ in pp collisions at (a)
√
s = 7 TeV and
(b)
√
s = 14 TeV. Data from LHCb Collaboration [22, 23].
with the photon energy ω, i.e. Y ∝ ln (ω/mJ/Ψ). Explicitly, the rapidity distribution is written down as,
dσ [h1 + h2 → h1 ⊗ J/Ψ⊗ h2]
dY
=
[
ω
dN
dω
|h1 σγh2→J/Ψ⊗h2 (ω)
]
ωL
+
[
ω
dN
dω
|h2 σγh1→J/Ψ⊗h1 (ω)
]
ωR
(12)
where ⊗ represents the presence of a rapidity gap in the final state and ωL (∝ e−Y ) and ωR (∝ eY ) denote photons
from the h1 and h2 hadrons, respectively. As the photon fluxes, Eqs. (2) and (3), have support at small values of ω,
decreasing exponentially at large ω, the first term on the right-hand side of the Eq. (12) peaks at positive rapidities
while the second term peaks at negative rapidities. Consequently, given the photon flux, the study of the rapidity
distribution can be used to constrain the photoproduction cross section at a given energy. Moreover, in contrast
to the total rapidity distributions for pp and PbPb collisions, which will be symmetric about midrapidity (Y = 0),
dσ/dY will be asymmetric in pPb collisions due to the differences between the fluxes and process cross sections. It is
important to emphasize that in our calculations we will disregard soft interactions which lead to an extra production
of particles that destroy the rapidity gap in the final state. The inclusion of these additional absorption effects can
be parametrized in terms of a multiplicative factor denoted rapidity gap survival probability, S2, which corresponds
to the probability of the scattered proton not to dissociate due to the secondary interactions. In Ref. [8] the authors
have estimated S2 and obtained that in pp/pp¯ collisions it is ∼ 0.8 − 0.9, depending on the rapidity of the vector
meson (See also Refs. [14, 15]). Moreover, in the particular case of nuclear interactions, we also disregard a possible
reduction of the nuclear photon flux associated to the diffusion edge of the nucleus.
In Fig. 2 we present our predictions for the rapidity distribution for the diffractive photoproduction of J/Ψ in
pp collisions at (a)
√
s = 7 TeV and (b)
√
s = 14 TeV. Due to the limitation in the x-range of the rcBK solution,
we are only able to present its predictions for a restricted rapidity range. We obtain that the differences between
the predictions observed in Fig. 1 are also presented in the rapidity distribution, with the GBW (bCGC) prediction
being an upper (lower) bound for the predictions at Y = 0. In particular, the predictions differ by ≈ 30 % for central
rapidities at
√
s = 7 TeV. For the rapidity range probed by the LHCb Collaboration the difference is larger (≈ 50 %).
We obtain that the bCGC and bCGC NEW predictions agree with the data from LHCb Collaboration [22, 23]. As
demonstrated in Fig. 2 (b), these differences increase with the energy. This motivates future experimental analysis
of this process in order to constrain the dipole - proton scattering amplitude and, consequently, the QCD dynamics
at high energies.
In Fig. 3 we present our predictions for the rapidity distribution for the diffractive photoproduction of J/Ψ in
PbPb collisions at (a)
√
s = 2.76 TeV and (b)
√
s = 5.5 TeV. In this case the cross sections are calculated in terms
of the dipole - nucleus scattering amplitude given in Eq. (10). Similarly to the pp case, we obtain that the distinct
predictions largely differ at central rapidities, which is directly associated to the behavior observed in Fig. 1 (b)
for γPb collisions. We obtain that the bCGC NEW prediction is able to describe the current ALICE data [20, 21],
in contrast with the other predictions which overestimate the data for Y = 0. In particular, the rcBK prediction
is not able to describe the data, in agreement with the results obtained in Ref. [12]. As observed in Fig. 3 (b)
the difference between the predictions is amplified at larger energies. In Fig. 4 we present our predictions for the
rapidity distribution for the diffractive photoproduction of J/Ψ in pPb collisions at
√
s = 5 TeV. As expected, the
rapidity distribution is asymmetric about midrapidity (Y = 0), being dominated by γp interactions, due to the Z2
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FIG. 3: (Color online) Rapidity distribution for the diffractive photoproduction of J/Ψ in PbPb collisions at (a)
√
s = 2.76
TeV and (b)
√
s = 5.5 TeV. Data from ALICE Collaboration [20, 21].
GBW bCGC bCGC NEW
pp (
√
s = 7 TeV) 74.0 nb 49.0 nb 59.0 nb
pp (
√
s = 14 TeV) 113.0 nb 71.2 nb 93.7 nb
pPb (
√
s = 5 TeV) 51.3 µb 41.0 µb 42.8 µb
PbPb (
√
s = 2.76 TeV) 18.2 mb 13.6 mb 11.0 mb
PbPb (
√
s = 5.5 TeV) 33.8 mb 24.4 mb 20.3 mb
TABLE I: The total cross section for the diffractive photoproduction of J/Ψ in pp, pPb and PbPb collisions at LHC energies.
enhancement present in the nuclear photon spectrum. We observe that the predictions differ by ≈ 35 % at Y = 0.
Finally, in Table I we present our predictions for the total cross section for the diffractive photoproduction of J/Ψ
in pp, pPb and PbPb collisions at LHC energies. As expected from our analysis of the rapidity distributions, the
predictions for the total cross sections are largely distinct.
IV. SUMMARY
The recent experimental data from RHIC, Tevatron and LHC have demonstrated that the study of photon - hadron
interactions in hadron - hadron collisions in order to constrain the QCD dynamics at high energies is feasible. They
have motivated the proposition of new observables which can be studied in these processes and the improvement its
theoretical description. In particular, in the last year, several studies have been performed considering the collinear
formalism and the DGLAP evolution, which demonstrated that the diffractive photoproduction of vector mesons can
be used to constrain the behaviour of the gluon distribution at small-x and/or the magnitude of the nuclear effects.
However, at the high center-of-mass energies probed in γh interactions at LHC, new dynamics effects associated to
nonlinear corrections to the QCD dynamics are expected to be present. These effects are easily included if the process
is described in the color dipole formalism, with the cross section being strongly dependent on the model for the dipole
- target scattering amplitude. This alternative approach has been used by several authors in the last years, considering
different assumptions for the meson wave function and QCD dynamics, as well as for the free parameters. Our goal in
this paper was, using the color dipole formalism, to estimate the theoretical uncertainty associated to description of
the QCD dynamics. We have assumed a unique model for the J/Ψ wave function and considered four models for the
dipole - proton scattering amplitude. We demonstrated that although these models satisfactorily describe the HERA
data, their predictions are very distinct for the diffractive photoproduction of J/Ψ in pp/pPb/PbPb collisions. In
particular, our results point out that the recent ALICE and LHCb data are quite well described by the new version
of the bCGC model. Our main conclusion is that the color dipole formalism is able to describe these data and that
future measurements can be useful to constrain the magnitude of the nonlinear effects in the QCD dynamics.
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